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We study the differential branching ratio, forward—backward asymme-
try, CP violating asymmetry, CP violating asymmetry in the forward-
backward asymmetry and polarization asymmetries of the final lepton in
the B — X4/¢T¢"decays in the context of a CP softly broken two Higgs
doublet model. We analyze the dependencies of these observables on the
model parameters by paying a special attention to the effects of neutral
Higgs boson (NHB) exchanges and possible CP violating effects. We find
that NHB effects are quite significant for the 7 mode. The above-mentioned
observables seems to be promising as a testing ground for new physics be-
yond the SM, especially for the existence of the CP violating phase in the
theory.

PACS numbers: 12.60.Fr, 13.20.He

1. Introduction

Although CP violation is one of the most fundamental phenomena in
particle physics it is still one of the least tested aspects of the Standard
Model (SM). Before the start of the B factories, CP violation has only been
measured in the kaon system. Very recently, the observation of CP violation
in the B meson system have been reported by the ete™ B factories [1]
providing the first test of the SM CP violation. In the near future, more
experimental tests will be possible at the B factories and possible deviations
from the SM predictions will provide important clues about physics beyond
it. This situation makes the search for CP violation in B decays highly
interesting.

Interest in CP violation is not limited to particle physics; it plays an im-
portant role in cosmology, too. One of the necessary conditions to generate
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the matter—antimatter asymmetry observed in the Universe is — in addition
to baryon number violation and deviations from the thermal equilibrium —
that the elementary interactions have to violate CP. In the SM the only
source of CP violation is the complex Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements which appears too weak to drive such an asymmetry [2],
giving a strong motivation to search for new physics. In many cases, ex-
tensions of the SM such as the Two Higgs Doublet Model (2HDM) or the
supersymmetric extensions of the SM are able to supply the new sources of
CP violation, providing an opportunity to investigate the new physics by
analyzing the CP violating effects.

Being a FCNC process, B — X, 4¢7¢~ decays provide the most reliable
testing grounds for the SM at the loop level and they are also sensitive to
new physics. In addition, B — Xz ¢*¢~mode is especially important in the
CKM phenomenology. In case of the b — s¢™¢~ decays, the matrix element
receives a combination of various contributions from the intermediate ¢, ¢ or
u quarks with factors Vi Vit ~ A2, Vi V25 ~ A2 and V,,, Vi, ~ A, respectively,
where A = sin ¢ =2 0.22. Since the last factor is extremely small compared
to the other two we can neglect it and this reduces the unitarity relation
for the CKM factors to the form Vu Vi + ViV ~ 0. Hence, the matrix
element for the b — s¢*¢~ decays involve only one independent CKM factor
so that CP violation would not show up. On the other hand, as pointed
out before [3,4], for b — d¢*¢~ decay, all the CKM factors Vi V;5, VoV
and V,, V", are at the same order A% in the SM and the matrix element for
these processes would have sizable interference terms, so as to induce a CP
violating asymmetry between the decay rates of the reactions b — d¢* ¢~
and b — d¢t¢~. Therefore, b — d¢T¢~ decays seem to be suitable for
establishing CP violation in B mesons.

We note that the inclusive B — X ¢T¢~ decays have been widely stud-
ied in the framework of the SM and its various extensions [5-22]. As for
B — Xg¢t¢~ modes, they were first considered within the SM in [3] and [4].
The general two Higgs doublet model contributions and minimal supersym-
metric extension of the SM (MSSM) to the CP asymmetries were discussed
in Refs. [23] and [24], respectively. Recently, CP violation in the polarized
b — d¢t¢~ decay has been also investigated in the SM [25] and also in a
general model independent way [26].

The aim of this work is to investigate B — X4 "¢~ decay with emphasis
on CP violation and NHB effects in a CP softly broken 2HDM, which is called
model IV in the literature [27,28|. In model IV, up-type quarks get masses
from Yukawa couplings to the one Higgs doublet, and down-type quarks
and leptons get masses from another Higgs doublet. In such a 2HDM, all
the parameters in the Higgs potential are real so that it is CP conserving,
but one allows the real and imaginary parts of gbfqbg to have different self-
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couplings so that the phase &, which comes from the expectation value of
Higgs field, can not be rotated away, which breaks the CP symmetry (for
details, see ref [27]). In model IV, interaction vertices of the Higgs bosons
and the down-type quarks and leptons depend on the CP violating phase &
and the ratio tan § = vy/v1, where v; and ve are the vacuum expectation
values of the first and the second Higgs doublet respectively, and they are
free parameters in the model. The constraints on tan § are usually obtained
from B-B, K-K mixing, b — s~ decay width, semileptonic decay b — ¢ 77
and is given by [29]

mpg+
0.7 < tan 8 < 0.52 (1 GeV> : (1)
and the lower bound my+ > 200 GeV has also been given in [29]. As for the
constraints on &, it is given in Ref. [27] that /| sin 2| tan 5 < 50, which can
be obtained from the electric dipole moments of the neutron and electron.

For inclusive B decays into lepton pairs, in addition to the CP asym-
metry and the forward—backward asymmetry, there is another parameter,
namely polarization asymmetry of the final lepton, which is likely to play
an important role for comparison of theory with experimental data. It has
been already pointed out [30] that together with the longitudinal polariza-
tion, P, the other two orthogonal components of polarization, transverse,
Pr, and normal polarizations, Py, are crucial for the 777~ mode since these
three components contain the independent, but complementary information
because they involve different combinations of Wilson coefficients in addition
to the fact that they are proportional to my/my.

The paper is organized as follows: Following this brief introduction, in
Section 2, we first present the effective Hamiltonian. Then, we introduce the
basic formulas of the double and differential decay rates, CP violation asym-
metry, Acp, forward—backward asymmetry, Arg, and CP violating asym-
metry in forward-backward asymmetry Acp(App) for B — X441~ decay.
Section 3 is devoted to the numerical analysis and discussion.

2. The effective Hamiltonian for B — X 0T¢—

It is well known that inclusive decay rates of the heavy hadrons can be
calculated in the heavy quark effective theory (HQET) [31] and the impor-
tant result from this procedure is that the leading terms in 1/m, expansion
turn out to be the decay of a free quark, which can be calculated in the
perturbative QCD. On the other hand, the effective Hamiltonian method
provide a powerful framework for both the inclusive and the exclusive modes
into which the perturbative QCD corrections to the physical decay ampli-
tude are incorporated in a systematic way. In this approach, heavy degrees
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of freedom, namely ¢ quark and W+, H* h% H bosons in the present case,
are integrated out. The procedure is to take into account the QCD cor-
rections through matching the full theory with the effective low energy one
at the high scale = mw and evaluating the Wilson coefficients from mw
down to the lower scale u ~ 0(myp). The effective Hamiltonian obtained in
this way for the process b — d ¢~ is given by [19,20]:

4Gra L S
Hog = 7F2 thvt;;{ > Cilw) Oi(p) + > Ca, (1) Qilp)
i=1 =1

2 {CL(W)[0F (1) = O1(p)] + Ca(w)[Oz (1) — OQ(N)]}}7 (2)

where

*
Ay = Vuqud 7 (3)
Vie Vi
and we have used the unitarity of the CKM matrix i.e., ViV + ViV, =
—Va V2. The explicit forms of the operators O; can be found in [8]. O}
and Of are the new operators for b — d transitions which are absent in the

b — s decays and given by

O} = (Ja'ymuPLuL;)(ﬂ/g’ym“PLda),

Og = (da’ym“PLua)(EBVmuPLdﬁ).

The additional operators @; (1 = 1,...,10) come from the NHB exchange
diagrams and are defined in Ref. [19)].

In Eq. (2), Ci(u) are the Wilson coefficients calculated at a renormal-
ization point g and their evolution from the higher scale u = mw down
to the low-energy scale u = my is described by the renormalization group
equation. Although this calculation is performed for operators O; in the
next-to-leading order (NLO) the mixing of O; and @; in NLO has not been
given yet. Therefore we use only the LO results. The form of the Wilson
coefficients Cj(my) and Cg,(mp) in the LO are given in Refs. [8] and [19,27],
respectively.

We here present the expression for Co(p) which contains, as well as a
perturbative part, a part coming from long distance (LD) effects due to
conversion of the real ¢c into lepton pair £7¢:

Cgﬁ(u) = Cgert(ﬂ) + Yieson(s) (4)
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where
CE™ (1) = Co + h(u, )[3C1 (1) + Ca(p) + 3C5 () + Ca(p)
+3C5 (1) + Cs(p) + Au(3C1 + C2)]
—1h(1,s) (4C3(1) + 4C4 (1) 4+ 3C5(p) + Co(p))
—5h(0, ) [C3(p) + 3C4 (1) + Au(6C1 (1) + 2Co(p))]

2
+2 (3C3 () + Ca(p) + 3Cs (1) + Colp)) (5)
and
B 73,{! 7l (V; — 0707 Ymy,
Vieson(s) = a? VZZ;/M_ m%s —my, + imy, I
X [(3C1 (1) + Ca(p) + 3C3(p) + Ca(p) + 3Cs (1) + Co(p))
+Xa(3Ch (1) + Cal))] - (6)

In Eq. (5), s = ¢*/m% where ¢ is the momentum transfer, u = z—; and
the functions h(u,s) arise from one loop contributions of the four-quark
operators O1—Og and are given by

mp
h(u,s) = —glnr—glnu—&—??—&—gy
Vi—y+1| ) — 4u?
— §2+y)t -y ([ -im) foru= NG
2arctan\/%, foryz% > 1,
h(0,s) = %f%ln%f%lns+%iw. (8)

The phenomenological parameter x in Eq. (6) is taken as 2.3 (see e.g. [32]).

Next we proceed to calculate the differential branching ratio dBR/ds,
forward—backward asymmetry Apg, CP violating asymmetry Acp, CP asym-
metry in the forward—backward asymmetry Acp(App) and finally the lepton
polarization asymmetries of the B — X4 ¢/~ decays. In order to find these
physically measurable quantities we first need to calculate the matrix ele-
ment of the B — X T/~ decay. Neglecting the mass of the d quark, the
effective short distance Hamiltonian in Eq. (2) leads to the following QCD
corrected matrix element:

Gra

M = 2\/—7T‘/;5b‘/;:d{09 dyp(1 = 5)b 04" 0 4 Cho dyu(1 — 45)blyH 5L

—oceft %Jiauyq( +y5)b Iy + C, d(1 + y5)bll

+Cq, d(1 + 75)517755}. (9)
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When the initial and final state polarizations are not measured, we must
average over the initial spins and sum over the final ones, that leads to the
following double differential decay rate

d’r 3a? Vip Vi |2
o ds B V) 47r2f(u)k(u)( s) Vo2 vs2vzRe (C Cm)

+2 <1 + %) Re (C?ﬁCeH*) +vszRe (CwCeﬁ*)
+uvtz Re ((20?ﬂc + C§H> Cél> + VtRe (010052)
= [(1 R v + 4] "
O L
1
4

; [<1+s> (1 5)0%22 — 4] [Cuof

1
+Zs|cQ2|2+1<s4t>|cQIP}, (10)

where v = /1 —4t/s, t = m2/m? and z = cosf, where 6 is the angle
between the momentum of the B meson and that of /= in the center of mass
frame of the dileptons £~ ¢*. In Eq. (10),

GQ 5
I(B — Xotv) = T8 Val* F(wh(u) (11)
where
f(u) = 1 —8u+ 8u' —u® — 24u" In(u), (12)
B 2ac5(my) o 31 . 2 3

are the phase space factor and the QCD corrections to the semi-leptonic de-
cay rate, respectively, which is used to normalize the decay rate of
B — X 04~ to remove the uncertainties in the value of my,.

Having established the double differential decay rates, let us now consider
the forward-backward asymmetry App of the lepton pair, which is defined
as

2 2r
fO dz jsdz f dz jsdz

2 2
fO dz jsé; f dz jsé;

AFB(S) = (14)
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The Apg’s for the B — X, ¢/~ decays are calculated to be

-3 v * eff x eff x
Arn(s) = 3y Re [Cw (2057 + 55" )} + ViRe [CQl (2057 + c5T )} ,
(15)
where
s+ 252 + 2t — 8st
AGs) = | ) 1Cyol?
4 2 2t 2
+5(2+5)(s+20) ‘C%ff + (1 4 2s) (1 + ;) }Cgff
—l—%(s +21)Re (05 + 6viRe (057C2, )
3 3
+§(3—4t)\CQ1\2+§S’CQz’2’ (16)

which agrees with the result given by Ref. [4], in case of switching off the
NHB contributions and setting m, = 0, but differs slightly from the results
of [24].

We next consider the CP asymmetry Acp between the B — X 0T¢~
and the conjugated one B — X4¢T¢~, which is defined as

ar _ dr
Acp(s) = 5 (17)
s T ds

where

dr— dI'(B — Xglt47) dl'  dI'(B — Xalti7) (18)
ds ds T ods ds '

After integrating the double differential decay rate in Eq. (10) over the
angle variable, we find for the B — Xy ¢/~ decays

ar o? o (Vi Vi |2

=I'(B— Xcgy)iélw?f(u)k(u) (1—25) AL

4t
il 1-—A(s). (19)

For the antiparticle channel, we have

dr dr
Rl E(/\u—”\:j;fﬁ—f)- (20)
We have also a CP violating asymmetry in Apg, Acp(App), in B —
Xg0t¢decay. Since in the limit of CP conservation, one expects
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App = —App [4,33], where App and App are the forward-backward asym-
metries in the particle and antiparticle channels, respectively, Acp(Arp) is
defined as

Acp(Arp) = Argp + Arp, (21)

with
App = App(\y — A3 € — —£) . (22)
Finally, we would like to discuss the lepton polarization effects for the

B — Xy t¢t¢ decays. The polarization asymmetries of the final lepton is
defined as

(dF(Sn)/dS) — (dp(_Sn)/dS)
(dF(Sn)/dS) + (dp(_Sn)/dS) ’

Pa(s) = (23)

forn = L, N, T. Here, P;,, Pr and Py are the longitudinal, transversal
and normal polarizations, respectively. The unit vectors .S, are defined as
follows:

q p-
Sy = (0en)=10,—=],
( \p—\)
SN — (ngN) — (Ov P Xzi_ ) )

ST = (0,5’1\) = (0,51\] X €L> s (24)

where p'and p__ are the three-momenta of d quark and ¢~ lepton, respectively.
The longitudinal unit vector Sy, is boosted to the CM frame of T/~ by
Lorentz transformation:

| E, p_
St,cm = (M b ) (25)

myg  me|p_|

It follows from the definition of unit vectors S,, that Pr lies in the decay
plane while Py is perpendicular to it, and they are not changed by the boost.

After some algebra, we obtain the following expressions for the polariza-
tion components of the £~ lepton in B — X4 T/~ decays:
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P, = %Re {2010 (GCgﬁ’* +(1+ 28)03&7*>

-3Cq, (2\/%010 + 8052) } ,
pp _ 3V (_acgﬂ

—s’C’SE

5 /5A

+Re|205™ (cw — 205 4+ f/ZCgZ>

+C5" (Cl() + 2\/ZC*Z> + S;—\;?CNCZ;J) )
Py = 4?/_A1m {C’m <SCQ2 + 2Vt (Ceﬁ* + Sceff*>>

+5Cq, (2063* + Ceff*) } . (26)

3. Numerical results and discussion

In this section we present the numerical analysis of the inclusive decays
B — X4 /70~ in model IV. We will give the results for only ¢ = 7 channel,
which demonstrates the NHB effects more manifestly. The input parameters
we used in this analysis are as follows:

my = 4.8GeV, m.=14GeV, m; =175GeV ,
m; = 1.78,GeV, BR(B — X ev,) = 10.4%, mpy+ = 200GeV ,
myo = 160GeV, myo = 115 GeV
1

S =117 x 1075 GeV 2. 2
a 129,GF 7 x107° GeV (27)

The Wolfenstein parametrization [34] of the CKM factor in Eq. (3) is
given by

—p)—n?—3

and also

Vi Vil

\Vcb!? = AN [(1-p)? +7n*] +0(\*). (29)
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The updated fitted values for the parameters p and n are given as [35]

= 0.22+0.07 (0.25 £ 0.07),
= 0.34+0.04 (0.34 £ 0.04) (30)

Bl

with (without) including the chiral logarithms uncertainties. In our numer-
ical analysis, we have used (p, n) = (0.25; 0.34) .

The masses of the charged and neutral Higgs bosons, mg+, mgo, and
myo, and the ratio of the vacuum expectation values of the two Higgs dou-
blets, tan (3, remain as free parameters of the model. The restrictions on
mpy+, and tan 8 have been already discussed in Section 1. For the masses
of the neutral Higgs bosons, the lower limits are given as mgo > 115 GeV
and myo > 89.9 GeV in [36].

In the following, we give results of our calculations about the dependen-
cies of the differential branching ratio dBR/ds, forward—backward asymme-
try App(s), CP violating asymmetry Acp(s), CP asymmetry in the forward—
backward asymmetry Acp(Arp)(s) and finally the components of the lepton
polarization asymmetries, Pp(s), Pr(s) and Px(s), of the B — X 77~
decays on the invariant dilepton mass s. In order to investigate the depen-
dencies of the above physical quantities on the model parameters, namely
CP violating phase ¢ and tan 3, we eliminate the other parameter s by per-
forming the s integrations over the allowed kinematical region so as to obtain
their averaged values, (Arp), (Acp), (Acp(ArB)), (PL), (Pr) and (Px).

Numerical results are shown in Figs. 1-13 and we have the following line
conventions: dashed lines, dot lines and dashed-dot lines represent the model
IV contributions with tan 8 = 10, 40, 50, respectively and the solid lines are
for the SM predictions. The cases of switching off NHB contributions i.e.,
setting Cg, = 0, almost coincide with the cases of 2HDM contributions with
tan 0 = 10, therefore we did not plot them separately.

=N W ke o0 N
T

10" x dBR(B — Xy 77)/ds

QC
ot

Fig. 1. Differential branching ratio as a function of s, where £ = /4.



B — X 00~ in a CP Softly Broken Two Higgs . .. 697

0.1 I ; | |
S .
+
=
s 0.1
1
2 02
E T e G
03F tang= . .
= tani’i:z;o ............
tan 3 =50 --— -
-0.4 L | 1
0.6 0.7 0.8 0.9 1

0.03 , : : : . .
s RN Ty ) R— Lo
o N tan 3 =50 —-—-mm-- L
5 0.025 - S i
B ’
) h s
QL ~ N / //
A ‘\\_\ ______ 7
L o002t i
<Y
<
\Y
0.015 ! ! M ! ! |
0 0.5 1 15 2 25 3
¢

Fig.3. (App) as a function of &.

In Fig. 1, we give the dependence of the dBR/ds on s. From this figure
NHB effects are very obviously seen, especially in the moderate-s region.

In Fig. 2 and Fig. 3, App(s) and (Arp) as a function of s and CP
violating phase £ are presented, respectively. We see that App is more
sensitive to tan 3 than the dBR/ds and it changes sign with the different
choices of this parameter. It is seen from Fig. 3 that (App) is quite sensitive
to & and between (0.15,0.28) x 107!, We also observe that (App) differs
essentially from the one predicted by the CP conservative 2HDM (model
II, for examples, see [37]), which is 0.028 and 0.023 for tan3 = 40,50,
respectively. In region 1 < £ < 2 change in (App) with respect to model II
reaches 25%.

Figs. 4 and 5 show the dependence of Acp(s) on s and (Acp) on &,
respectively. We see that Acp(s) is also sensitive to tan § and its sign does
not change in the allowed values of s except in the resonance mass region.
It follows from Fig. 5 that (Acp) is not as sensitive as (App) to &, and it
varies in the range (0.15,0.33) x 1071,
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Fig.4. The CP asymmetry as a function of s, where £ = /4.
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Fig.6. The CP asymmetry in the forward-backward asymmetry as a function of
s, where £ = 7/4.
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Acp(Arg)(s) and (Acp(Arg)) of B — Xy 717 as a function of s and CP
violating phase ¢ are presented in Fig. 6 and Fig. 7, respectively. We see that
Acp(Arpg)(s) changes sign with the different choices of tan 8. (Acp(Arg))
is between (0.010,0.040) and differs essentially from the one predicted by
model II, which is 0.038 and 0.027 for tan 8 = 40, 50, respectively. In region
1.5 < £ < 2.5 change in (App) with respect to model II reaches 35%.

o T T T T T T
[
04 S tan B = 40 oo -
. - Sl tanf =50 —-—-—-- >
& o e
A O3 e N L i
i S -
<%
=<
S 02k -
v e
v
S 01 ' ' ' ' ' .

0 0.5 1 1.5 2 2.5 3

3

PL(B— Xq1t717)

Fig.8. Pp(s) as a function of s, where £ = 7/4.

In Figs. 810, we present the s dependence of the longitudinal P,
transverse Pr and normal Py polarizations of the final lepton for B —
X477 decay. It is seen that NHB contributions changes the polarization
significantly, especially when tan (3 is large. We also observe that except the
resonance region, Pr is negative for all values of s, but P, and Py change
sign with the different choices of the values of tan 3. In Figs. 11-13, de-
pendence of the averaged values of the longitudinal (P), transverse (Pr)
and normal (Py) polarizations of the final lepton for B — X477~ decay on
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¢ are shown. It is obvious from these figures that (Pyx) and (Pr) are more
sensitive to & than (Pp). In region 1.5 < £ < 2.0 change in (Py) with respect
to model II reaches 25%. Thus, measurement of this component in future
experiments may provide information about the model IV parameters.

0 frreeeee b ) (L ——
tan 3 =10 -
iE, tan G =40 -
— H E tan 3 =50 -
L 02 i .
E N B N TP e PR
(.
>§ .................
1 -0.4
8
&~
S 06 oW L e e A
0.8 L ! ! !

Fig.10. Px(s) as a function of s, where £ = 7/4.

Therefore, the experimental investigation of App, Acp, Acp(Arp) and
the polarization components in B — Xy ¢*¢~decays may be quite suitable
for testing the new physics effects beyond the SM.



B — X 00~ in a CP Softly Broken Two Higgs . ..

<P,>(B—Xgtt1)

<PT>(B—>XdT+TA)

<Py>(B—Xym777)

0.4 T r | : : :
0.35 el - |
tan 3 =40 e
0.3 tan 3 =50 —-—-—-- |
0.25 | |
(0107 R |
1 1 L | | |
3
Fig.11. (P.) as a function of &.
-0.2 I ; | : | :
025 ]
tan 3 =40 e
tan 3 =50 --——-
-0.3 N
B i
1 1 L | | |
0 0.5 1 1.5 2 2.5 3
1
Fig. 12. (Pr) as a function of &.
T T T_ - T T T
-0.019 |- P S |
'// ......... \\
A/ N
./ N
-0.022 K . i
/'/ N
-0.025 |- ]
tan B =40 e
tan 3 =50 —=-=--
-0.028 ' | ! ! ! |
0 0.5 1 1.5 2 25 3
¢

Fig.13. (Px) as a function of .
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